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Recently, a hint for dibaryon NA(D,;) was observed at the Wide Angle Shower Apparatus at the cooler
synchrotron at Forschungszentrum Julich, GmbH (WASA-at-COSY) with a mass of about 30 + 10 MeV below
the N A threshold. It has a relatively small binding energy compared with d*(2380) and a width close to the width
of the A baryon, which suggests that it may be a dibaryon in a molecular state picture. In this work, we study the
possible S-wave molecular states from the NA interaction within the quasipotential Bethe-Salpeter approach.

The interaction is described by exchanging 7, p, and w mesons. With reasonable parameters, a D,; bound state
can be produced from the interaction. The results also suggest that there may exist two more possible D;, and
Dy, states with smaller binding energies. The m exchange is found to play the most important role to bind two
baryons to form the molecular states. An experimental search for possible N A(D;,) and N A(D,,) states will be
helpful for understanding the hint of the dibaryon N A(D5;).

DOI: 10.1103/PhysRevC.102.045202

I. INTRODUCTION

In the past two decades, the study of exotic hadrons has
become one of the most important topics in the community of
hadron physics. The core issue of hadron physics is to under-
stand how quarks combine into a hadron. In the conventional
quark model, a hadron is composed of ¢4 as a meson or ggq
as a baryon. It is natural to expect the existence of hadrons
composed of more quarks, which are called exotic states. The
deuteron can be also seen as a hadron, which is a quark system
with six quarks, although we called it a nucleus. The existence
of the nucleus and the hypernucleus inspires us to search for
molecular states as loosely bound states of hadrons. Such a
picture has been widely applied to interpret the experimentally
observed XY Z particles and the hidden-charm pentaquarks P,
[1-14]. More and more structures observed near thresholds of
two hadrons give people more confidence about the existence
of molecular states. If we turn back to the deuteron, which is
a molecular state, it is interesting to study possible molecular
states composed of two nucleons and/or its resonances, such
as the systems NA and AA.

The hadron carrying baryon number B =2 is called
dibaryon. The history of the study of dibaryons is even much
longer than that of the XYZ particles. Dyson and Xuong
first predicted dibaryon states in 1964 based on the SU(6)
symmetry [15] almost at the same time of the proposal of
the quark model. With a simple mass formula, the mass
of deuteron was obtained as 1876 MeV, and the masses of
dibaryon AA(Dg;330) and of dibaryon N A(Dj, 1) were pre-
dicted at 2376 and 2176 MeV, respectively. After observing
an experimental hint in 1977 [16], Kamae and Fujita made a
calculation in the one-boson-exchange model at the hadronic
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level to reproduce an anomaly at 2380 MeV in the process
yd — pn [17]. The existence of the A A(Dgy3) was supported
by many theoretical calculations, especially the constituent
quark model [18-21]. The NA(D,,) was also predicted in the
literature [22-24]. The existence of the NA(D;,) state was
favored by some early analyses of experimental data, such as
the partial-wave analysis of the reaction 7*d — pp [25], an
analysis of pp and np scatterings by the SAID group [26],
and a study of the phase shifts for the NA scattering with
a nearby S-matrix pole based on the data of process pp —
npr™ [27]. However, the N A(D;;) was not supported by the
early calculation in the constituent quark model [24,28,29]. In
Ref. [30], the experimental data were also reproduced without
the dibaryon.

After the efforts of more than half a century on both the
theoretical and experimental sides [16-29,31-35], a candidate
of dibaryon with I(J¥) = 0(3%) carrying a mass of about
2370 MeV and a width of about 70 MeV was observed in the
process pp — dn°n® at the Wide Angle Shower Apparatus at
the cooler synchrotron at Forschungszentrum Julich, GmbH
(WASA-at-COSY) [36], denoted d*(2380). Later, a series of
measurements confirmed the existence of this state [37-39].
Such a state was also confirmed by a recent measurement
within the Crystal Ball at the Mainz Microtron (MAMI),
where the photoproduction process was performed [40]. The
observation of d*(2380) attracts much attention from theo-
rists, and a large number of interpretations were proposed
to understand its properties and internal structure [41-53].
Because the A signal can be found in the final states of its
decay, one may guess that it is a AA bound state. However,
such an assumption leads to a binding energy of about 80 MeV
considering that the mass of the A baryon is about 1232 MeV.
Such a large binding energy prefers a compact hexaquark
instead of a bound state of two A baryons. The conclusion
is further supported by the relatively smaller width of 70 MeV
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FIG. 1. The diagrams for the direct (left) and cross (right) po-
tentials. The thin (brown) and thick (blue) lines are for N and A
mesons, respectively. I¢ and If are the flavor factors for the direct or
cross diagram, respectively, with i exchange, which is explained in
the text.

of d*(2380), which is even smaller than the width of one A
baryon, about 120 MeV. With a Faddeev equation calculation,
Gal and Garcilazo proposed that d*(2380) is from a three-
body NAm system [41,42]. In their study, the NA(Djz.21)
was also studied in the three-body NN interaction and found
slightly below the N A threshold.

Recently, an isotensor dibaryon NA with quantum num-
bers 1J? = 217(D,;) with a mass of 2140(10) MeV and a
width of 110(10) MeV was reported at WASA-at-COSY [54].
Its mass is about 30 = 10 MeV below the N A threshold. Con-
sidering that the width of nucleon is zero (for protons) or very
small (for neutrons) and the A baryon has a width of about
120 MeV, the width of this NA(D5,;) state is almost the sum
of nucleon and A baryon. Hence, compared with d*(2380),
such a state is obviously consistent with the molecular state
picture. In Ref. [55], the authors studied the N A states in the
constituent quark model and found that it is less likely for
NA(D5;) than NA(D;,) to form a bound state. In this work,
with the help of the effective Lagrangians, we will construct
the interaction in the one-boson-exchange model and insert it
into the quasipotential Bethe-Salpeter equation (QBSE) to find
S-wave bound states from the N A interaction.

The paper is organized as follows: After the introduction,
we present the effective Lagrangians and relevant coupling
constants to describe the NA interaction, with which we de-
duce the potential. And the qBSE is also briefly introduced.
In Sec. III, we present the numerical results, and the con-
tributions from different exchanges and diagrams are also
discussed. Finally, the article ends with a summary in Sec. IV.

II. THEORETICAL FRAME

In the current work, we describe the N A interaction in the
one-boson-exchange model, in which the interaction is usu-
ally mediated by the exchange of the light mesons including
pseudoscalar mesons (7 and 7), vector mesons (p, w, and
¢), and scalar meson o. The coupling of the n meson and
nucleon is small [56-63], and the coupling of the ¢ meson
and nucleon is suppressed according to the OZI rule. Besides,
we do not consider the scalar meson exchange as done in
Refs. [64,65]. Hence, we only consider the exchanges of 7, p,
and w mesons in the calculation. There are two diagrams for
the N A interaction, as shown in Fig. 1. In the cross diagram,
the w exchange is forbidden due to conservation isospin.

We need the Lagrangians for the vertices of nucleon, A
baryon, and pseudoscalar meson m, which are written as

[64.65]
Lane = — SN §ySyiiz . 8,7N, (1)
Lans = 5257 A, y5y°T - a,mA", )
T
Lyar = SNAT Angt. 9, N +H.c., 3)

T
where the N, A, and 7 are nucleon, A baryon, and pion me-
son fields. The coupling constants gy, /47 = 0.08, gaar =
1.78, and gyar = —2.049, which were obtained from fitting
the experimental data in Refs. [64—66].
The Lagrangians for the vertices of nucleon, A baryon, and
vector meson p/w are written as [64,65],
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where p,, = 9d,p, —dyp,, and p or w denotes the p or
o meson field. The coupling constants are gyy, = —3.1,
EAAp = 4.9, ENAp = 608, Kp = 1825, Ky = 0, KAanp = 6.1,
cited from Refs. [64-66]. The coupling constants for the w
meson can be related to these for the p meson with SU(3)
symmetry as gnno = 38NNp> 8anw = 3/28anp> a0 Kape =
Kanp- In addition, the T and the S matrices are provided as

follows:
Wit 0 o
L NS
151 o V2p~  —lg® \/?W
0 0 f¢ —3
- 2.0
—¢ 30 fso
S-9= N (6)
0 —frp AN

where ¢ = 7 or p, and the +,
the mesons.

Using the Lagrangians above, the potential of the NA
interaction can be constructed as

—, and 0 denote the charges of

lVd IdgNN;;ZAAn _(k/))/s)/ﬂq;;.u(kl)
x @ (k)Y >y  quita (k) iPr (g7), 7

o - K . o
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ma
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TABLE 1. The flavor factors I¢ and I¢ for certain meson ex-
change and total isospin.

I r I I I
I=1 —J15/3 —J15/3 1 —1/3 —1/3
1=2 V15/5 V15/5 1 1 1
~Nyd d —1/ Ko . o
iV, = —I, gnvw8ane Bk Yy — =—i0ueq” Julky)
ZmN

KA

X ﬁ“(ké)(yu + 2mAw iOuﬂqﬁ)MK(kz)in,fu(Clz), 9)
A
_g%VAn

Ve = IS —28% gk, )quu(kl)u(k Ygou' (ky) iPy (q ),

(10)
T chZVAP P o
v, =—I, = it (k)Y > (y"q* — g /q)ulky)
1%
xa(k)) (v g’ — g 1q)y uf (k) iP"", (11)

where the u and u* are the spinor for the nucleon and the
Rarita-Schwinger vector-spinor for A baryon, respectively,
and g, k(1 .2y, and kf1,2) are the momenta of the exchange meson
and the initial and final nucleons or A baryons. The flavor
factors I¢ and I¢ for certain meson exchange and total isospin
are presented in Table I.

The propagators of exchanged mesons are of the
usual forms of Pe(qz) = if,'(qz)/(q2 — mg) and Pe’“’(qz) =
ifi(g>)(—g"" + q"q" /m?)/(g* — m2) where m, is the mass
of the exchanged meson. The form factor fi(¢?) is used to
compensate the off-shell effect of the exchanged meson. In
this work, we introduce four types of form factors to check
the effect of the form factor on the results. These have the
forms [67]

A2 2
g = —qze (12)

A4

hl@)=—" —, (13)
(m2 —q?)" + A

BGP) = e~ 1AL (14)

A+ (¢ —m ) /4

fa(gh) = ,
) [ — (7 +m2)/2])" + Al

s)

where the g7 denotes the value of ¢ at the kinematical
threshold. The cutoff is parametrized as a form of A, =
m + o, 0.22 GeV. In the current work, we change the q2 in
the cross diagram to —|g?| to avoid the singularities, as done
in Ref. [68].

In this work, we adopt the Bethe-Salpeter equation to
obtain the NA scattering amplitudes. With the spectator
quasipotential approximation [69-71], the Bethe-Salpeter
equation was reduced into a three-dimensional gBSE, which
is further reduced into a one-dimensional equation with fixed

spin-parity J? after a partial-wave decomposition as [72-74]

//2dp//
M p) = V0, p)+Z/ oy

X V)5 (p, PGP )iM, (. p). (16)

where the sum extends only over non-negative helicity A”.
With the spectator approximation, the Go(p”) is reduced from
the four-dimensional propagator GgD (p"), which can be writ-

ten down in the center-of-mass frame with P = (W, 0) as
8 72 m2
GgD(p//) — (f/)zA 2A)
N T My
(PR - Ea(p)
B 2

x Ea(pPO{W — Ex(pOF — E2(P)). (17)

Obviously, the § function will reduce the four-dimensional
integral equation to a three-dimensional one, and Eq. (16)
can be obtained after partial-wave decomposition. Here, as
required by the spectator approximation, the heavier A baryon
is on shell, which satisfies p’’ = EA(p") = (m} + p"*)"/? as
suggested by the § function in Eq. (17). The pj for the
lighter nucleon is then W — Ex(p”). Here and hereafter, the
definition p = |p| is adopted.

The partial-wave potential is defined with the potential of
the interaction obtained above as

V(0. p) =21 f d cos 6 [d;, (0, (p', p)

+nd’,, (O)WVu_i (P, )] (18)

where n = PP P,(—1)’~/1="2 with P and J being parity and
spin for system, nucleon, or A baryon. The initial and fi-
nal relative momenta are chosen as p = (0,0, p) and p' =
(p'sinf, 0, p'cos). The dj,,(0) is the Wigner d matrix.

In our gBSE approach, the A baryon is set on-shell while
the nucleon can still be off-shell. Hence, we introduce a form
factor into the propagator to reflect the off-shell effect as an
exponential regularization, Go(p) — Go(p)le~*i—mD* /A2,
where the k; and m; are the momentum and the mass of
the nucleon. With such regularization, the integral equation
is convergent even if we do not consider the form factor
into the propagator of the exchanged meson. The cutoff
A, is parametrized as in the A, case; that is, A, = m, +
a,0.22 GeV with m, being the mass of the exchanged meson
and «, serving the same function as the parameter «,. The o,
and «, play analogous roles in the calculation of the binding
energy. Hence, we take these two parameters as a parameter o
for simplification.

III. NUMERICAL RESULTS

The scattering amplitude of the NA interaction can be
obtained by inserting the potential kernel in Egs. (7)—(11) into
the qBSE in Eq. (16). The bound state can be searched as the
pole in the real axis of the complex-energy plane below the
threshold. In the current work, we consider four S-wave states
from the N A interaction, Dy, D1,, D>1, and Dy;, with isospin
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FIG. 2. The variation of the binding energy Ez = M,, —W on
parameter o with M,, and W being the NA threshold and position
of bound states. The triangle (purple), square (red), circle (blue), and
diamond (green) and the corresponding lines are for form factors of
the types in Egs. (12)-(15). The horizontal line and the gray band
in middle panel are for the experimental mass and its uncertainties
observed at WASA-at-COSY [54]. The red line and cyan band are
for the o determined by the experiment with form factor f5.

spinIJ = 11, 12, 21, and 22, respectively. The results with the
variation of the parameter « are presented in Fig. 2.

Among the four S-wave states considered, three bound
states are produced from the NA interaction; that is, Di,,
D5y, and Dy,. The D,; state, which hint was observed at
WASA-at-COSY, appears at an « of about two, and its binding
energy increases with the increase of «. The experimental
value of the binding energy can be reached at an « of about 3
to 3.5. In the figure, we present the experimental results of the
mass and corresponding uncertainty as a horizontal line and
a gray band in the middle panel for reference. The values of
a can be determined by comparing the theoretical result and
experiment. Here, we take the results with f, as an example,
the determined value of « and its uncertainty are shown as a
red vertical line and a cyan band. For f5, f3, and fi, two other
bound states appears at larger «, 2.5 and 2.8, for the Dj, and
D>, states, respectively. For f;, values of « about 0.5 larger are
needed to produce these two states. If we choose the value of

—e— Full model
—=— with = only
—a— with p only
—— without p
—e— with o only
10 | |—>— without

E, (MeV)

2.0 25 3.0 35 4.0

FIG. 3. The variation of the binding energy Ejp for the NN inter-
action with isospin / = 0 and spin § = 1 with f(¢?) in Eq. (13). The
horizontal line is for the experimental mass of the deuteron.

for f, as shown in figure as a red line, the binding energies of
the Dy, and D;; states are about 2 and 8 MeV, respectively.
After considering the uncertainties, the binding energies of
these two states are several and ten MeV, respectively. Hence,
the Dj; and Dy, states are bound much more shallowly
than the Dy, state. In the current work, we consider four types
of the form factors as shown in the figure. As suggested by the
results, the different choices of the form factor do not affect
the conclusion obtained above with f.

In the former discussions we presented the results for the
N A interaction. The NN scattering has been studied explicitly
in Refs. [68,69] by Gross and his collaborators with the same
spectator approximation adopted in the current work. Because
there are some differences in the explicit treatment between
the current work and Refs. [68,69], it is interesting to see
if the deuteron can be reproduced with current Lagrangians
and theoretical frames. The potential can be obtained easily
by replacing A by N, and the o exchange is introduced by
a Lagrangian L,yy = gonvNNo with a coupling constant
gonn = 5[75,76]. In Fig. 3, we present the results for the NN
interaction with isospin 7 = 0 and spin J = 1 with f>(¢?). It
is found that, with an « of about two, the bound state was
produced from the NN (D) interaction, which can be related
to the deuteron. Considering that the NN and N A interactions
are different, one can say that the o of about 3.2 adopted in the
N A interaction is consistent with the « value used to repro-
duce the deuteron, about 2.7. With only one of the 7, p, and
o exchanges, the bound state can be found in the range of the
parameter considered here, while with only the w exchange
no bound state can be produced. It suggests that the 7, p,
and o exchanges provide attractive force. If we remove the
contribution from the w exchange, a bound state will appear
below o = 2, which concludes that the @ exchange provides
a repulsive force. Without the 7 exchange, the bound state
will disappear, while if we remove the p or o exchange, the
bound state still remains. It suggests that the = exchange is
essential to cancel the repulsive w exchange. Moreover, the
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E; (MeV)

FIG. 4. The binding energy Ep with variation of the o with ex-
change of only one meson.

result with the  exchange only is very close to that with the
full model. Hence, the = exchange is crucial to reproduce the
deuteron. Such results are consistent with the usual conclusion
of the one-boson-exchange model of the nuclear force [76].
We would like to remind the reader that, compared with the
works by Gross et al. [68,69], the calculation here is very
crude, and we do not fit experimental data of NN scattering,
either. It is given only to show that our approach can give the
basic results of the nuclear force.

In Fig. 2, we choose a value of the parameter o = 3.2,
which is determined from the experimental mass. If we choose
the parameter o = 2.7, which is required to reproduce the
deuteron, the conclusion for the NA interaction will change
a little. The binding energy of the D, state reduces to about
10 MeV, and the Dy, state has a very small binding energy,
about 1 MeV. With such a parameter, D, may disappear.

In the current work, we consider three exchanges of the
p, and w mesons. In Fig. 4 we present the results with only one
exchange to discuss the role played by each exchange. Here
we only present the results for three states which are bound
by the interaction. For the D), state, the bound state cannot
be produced only with the @ exchange. With the p exchange,
the bound state still exists but appears at a larger o of about
3.0. It suggests that the attraction is very weak compared
with the full model, and a larger value of « is needed to
compensate it. For the results with only the 7= exchange, one
can find that the binding even becomes stronger than that with
all three exchanges. The explicit analysis suggests that the
o exchange will weaken the attraction, which leads to the
larger o needed in the full model, which is also analogous
to the deuteron case. Hence, for the D, state, the main attrac-
tion is from the m exchange as in the deuteron case. The p

0 prrrr T
(a) 1 © 5] ]
15 | —1F —=— [y
L J —fy ]
30 | Jk Ty
:DIZ :_DZZ :
%45 L Dir?ct | i _Direlct | i
= 0 e s waa=
/m o -
=L (d) ey
15 |~ — -
30 — -
: D12 :_ 'D22 .
45 Cross 4L | Cross 1
NI B PP IR P
1 2 3 1 2 3 1 2 3 4

FIG. 5. The binding energy Ep with variation of « for direct and
cross diagrams.

exchange provides marginal attraction while inclusion of the
w exchange weakens the attraction. For the D,; and D5, states,
only with 7 exchange, the bound states can be produced, but
the « needed is smaller than for the full model. It suggests that
the m exchange plays the most important role in producing the
bound states as for the Dy, state.

In our model, two diagrams are considered for the interac-
tion; that is, the direct and cross diagrams, as shown in Fig. 1.
In Fig. 5, we present the results with only one diagram. For
different states, different diagrams are important in producing
the bound states. The attraction from the direct diagram is
enough to produce the D, state while no bound states can be
produced with the direct diagram for the D,; and D,, states.
These two states are mainly produced from the contributions
from the cross diagram. Such a result suggests that the cross
diagram is important and cannot be neglected in the calcula-
tion.

IV. SUMMARY AND DISCUSSION

Inspired by the experimental hint of the dibaryon N A(D»,)
at WASA-at-COSY, we study the possible molecular states
from the NA interaction. Within the one-boson-exchange
model, the interaction is constructed with the help of the effec-
tive Lagrangians, whose coupling constants are determined by
experiment and SU(3) symmetry. After inserting the potential
into the gBSE, we search for the bound states from the S-wave
N A interaction.

Among four states considered in the current work, three
bound states, D, Dy, and Dy, can be found in the range
of the parameter o considered here. We also perform a crude
calculation about the deuteron within the current theoretical
frame for reference. The deuteron can be reproduced from the
NN interaction with a parameter a little smaller than the one
for the D, state determined by the experimental mass. The
results suggest that the 7 exchange plays the most important
role in producing these bound states. The p exchange provides
a marginal contribution to produce the Dj, state while the
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o exchange will weaken the interaction. The binding of the
D, state is deepest among the three states. With values of the
parameter « for which the experimental value of the binding
energy for the Dy, state is obtained, the other two states are
predicted with much smaller binding energy.

Here, we would like to address the possible uncertainties in
the current work. In our models, the spectator approximation
and the replacement of g> by —|4?| in the propagator for the
cross diagram will introduce model uncertainties. Such uncer-
tainties will be absorbed by the parameter «. Hence, o can
vary a little. Besides, as discussed in the above section. The
deuteron is reproduced at « = 2.7, which is smaller than the
value of 3.2 suggested by the experimental mass of NA (D)
at WASA-at-COSY. With such a value, the binding energy of
the Dy, state becomes very small, and D, even disappears.
Considering the model uncertainties, these two states may
have very small binding energies, and may even not exist.

d*(2380) is the second observed dibaryon besides the
deuteron. However, it seems to be a compact hexaquark

instead of a molecular state like the deuteron. It is interesting
to find more dibaryons to understand the internal structure of
the dibaryons. The mass of the dibaryon N A(D,;) suggested
by the WASA-at-COSY Collaboration is close to the NA
threshold, and it has a width very close to the sum of widths
of a nucleon and a A baryon, which supports it as a molecular
state. However, the experimental hint of the state NA(Dy;)
at WASA-at-COSY is very weak and is not confirmed by
other experiments. The existence of such state requires further
theoretical and experimental studies. Based on our work, the
existence of N A(D;,;) suggests the possible existence of other
two NA molecular states, D1 and Dy,. It is interesting to
search for such states in the experiment.
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